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論文内容の要旨 
 
[Chapter I “Involvement of Fry in YAP inactivation”] 
 
Introduction 
  
The organ size in multicellular organisms is well controlled by the 
balance of cell proliferation, apoptosis, stem cell self-renewal and 
differentiation. Intracellular and extracellular factors tightly regulate these 
processes, which are essential for normal embryonic development, organogenesis 
and tissue homeostasis. The aberrations of these regulation systems cause 
developmental disorder, tumorigenesis and several human diseases. 
Hippo pathway has been established as a signaling pathway that restricts 
cell proliferation and organ size. This pathway was firstly identified in 
Drosophila, and the components of this pathway are evolutionarily conserved 
from yeast to human. The core components of this pathway in mammalian cells 
are MST1/2 kinases, SAV, LATS1/2 kinases YAP and TAZ. When the cells sense 
the growth arrest signals, MST1/2 kinases bind to their adaptor protein SAV and 
phosphorylate and activate downstream kinases, NDR1/2 and LATS1/2. LATS1/2 
kinases directly interact with and phosphorylate transcriptional co-activators, YAP and TAZ, to promote 
their cytoplasmic retention or degradation, resulting in the inhibition of their interactions with TEAD and 
TEAD-mediated transcriptional activation and thereby the suppression of cell proliferation. Whereas the 
crucial role of LATS1/2 kinases in YAP inactivation is well known, several studies have shown that 
LATS1/2 are occasionally dispensable for YAP phosphorylation and inactivation, suggesting that other 
protein kinase(s) is involved in YAP regulation. A recent study demonstrated that NDR1/2 also 
phosphorylate and inactivate YAP. However, the mechanisms regulating YAP phosphorylation is not fully 
understood.  
Fry is an evolutionarily conserved large cytoplasmic protein in eukaryotes. In model organisms, Fry 
orthologs genetically and physically interact with NDR orthologs. For instance, Fry and NDR orthologs 
cooperatively function to control polarized cell growth and morphogenesis in yeast, neurite outgrowth in 
nematodes, and epidermal morphogenesis and dendritic tiling in fruit flies. In mammalian cells, we 
previously showed that Fry physically associates with NDR1 and activates its kinase activity and that Fry, 
through NDR1 activation, is crucial for mitotic chromosome alignment in cultured cells. Since NDR1/2 
kinases are shown to be involved in the cytoplasmic sequestration of YAP, I hypothesized that Fry plays a 
role in the nuclear/cytoplasmic localization of YAP. In the current study, I constructed Fry knockout cell 
lines and examined the role of Fry in the nuclear/cytoplasmic localization of YAP. I show that the 
depletion of Fry significantly promotes YAP nuclear localization and that the expression of Fry restores 
YAP cytoplasmic localization in Fry-knockout cells. I also provide evidence that Fry promotes the 
cytoplasmic sequestration of YAP by two mechanisms, increasing the kinase activity of NDR1/2 and 
Fig. 1. A model of the role of 
Fry in YAP cytoplasmic 
retention 
associating with YAP. 
 
Results and Discussion 
 
Previous studies using cells cultured under serum-supplemented conditions have shown that at low 
cell density YAP predominantly localizes to the nucleus, but at high cell density it primarily localizes to 
the cytoplasm. To examine whether Fry is involved in the nuclear/cytoplasmic localization of YAP, I 
generated Fry-knockout (Fry-KO) HEK293A cell lines using the CRISPR/Cas9 system and analyzed the 
effects of Fry depletion on YAP nuclear/cytoplasmic localization. As previously reported for other cells, 
YAP almost completely localized to the nucleus at low cell density but localized preferentially to the 
cytoplasm at high cell density in the parental HEK293A cells. In contrast, whereas the predominant 
localization of YAP in the nucleus was not affected by Fry depletion in cells cultured at low density, YAP 
preferentially localized to the nucleus in the two Fry-KO cell lines cultured at high density. These results 
suggest that Fry is involved in the cytoplasmic sequestration of YAP in cells cultured at high density. A 
previous study demonstrated that NDR1/2 kinases promote the cytoplasmic localization of YAP via its 
phosphorylation at Ser-127. Since Fry genetically and physically interacts with NDR kinases and 
promotes their kinase activities, I hypothesized that Fry is involved in the cytoplasmic localization of 
YAP by promoting NDR1/2 kinase activities and YAP phosphorylation. In vitro kinase assay for NDR1/2 
on YAP phosphorylation revealed that the kinase activities of NDR1 and NDR2 were suppressed in the 
Fry-KO cells, compared to those in the parental cells. I also examined the effect of Fry knockout on the 
level of YAP phosphorylation and the level of YAP phosphorylation was decreased in the Fry-KO cells, 
compared to that in the parental cells. These results suggest that Fry depletion promotes the nuclear 
localization of YAP, at least in part by decreasing NDR1 and NDR2 kinase activities leading to reduced 
levels of YAP phosphorylation. To investigate the additional mechanism by which Fry promotes the 
cytoplasmic localization of YAP, I examined the possibility that Fry binds to YAP leading to it being 
sequestered in the cytoplasm. I analyzed the YAP-binding ability of Fry using co-immunoprecipitation 
assays. Co-precipitation assays revealed that Fry-N (1-2400) interacts with YAP. Then, I performed 
knockout/rescue experiments to confirm the functional role of Fry in the cytoplasmic localization of YAP, 
as well as to examine the correlation between YAP cytoplasmic localization and the YAP-binding ability 
of Fry. Fry-KO cells were transfected with expression plasmids encoding control GFP, (Myc+His)-tagged 
Fry, or its N- or C-terminal fragments. Compared with that in the GFP transfection controls, transfection 
of Fry-KO cells with full-length Fry or Fry-N-(1-2400), but not Fry-C-(1550-3020), resulted in a 
significantly lower percentage of cells with nuclear localized YAP, similar to the level observed in 
GFP-transfected parental cells . These results suggest that the N-terminal (1-2400) region of Fry is crucial 
for its function in promoting YAP cytoplasmic localization and that the YAP-binding ability of Fry 
correlates with this function. 
 
 [Chapter II “Involvement of 14-3-3 proteins in CEP97 degradation during ciliogenesis”] 
 
Introduction 
 
Primary cilia are antenna-like structures that protrude from the cell surface and are present in most 
vertebrate cell types. Numerous ion channels and receptors for various signaling are enriched in primary 
cilia. Primary cilia are essential for development, such as the formation of brain and limb. The defects in 
the formation and function of cilia result in serious developmental disorders, called ciliopathies. 
Primary cilia extend a microtubule-based axoneme from the basal body derived from the mother 
centriole. The mother centriole, but not the daughter centriole, contains the distal and sub-distal 
appendages. These centrioles duplicate once per cell cycle in most cell types. Two centrioles and the 
pericentriolar matrix form the centrosome, which functions as a microtubule-organizing center in 
interphase cells and a major organizer of spindle microtubules in mitotic cells. Primary cilia typically 
form at G1/G0 phase of cell cycle by ordered sequence of steps and disassemble during re-entry to cell 
cycle. Upon serum starvation, ciliary vesicles derived from the Golgi apparatus and recycling endosomes 
accumulate to the vicinity of distal appendages of the mother centriole, and dock at the centriole to 
initiate transition from the mother centriole to the basal body. After fusion with the plasma membrane, the 
basal body nucleates axoneme microtubules, in a manner dependent on intraflagellar transpot (IFT). IFT 
transport is bi-directional, anterograde (from the base to the tip of the cilium via kinesin-2) and retrograde 
(from the tip to the base of the cilium via dynein-2), which is dependent on the IFT-B and IFT-A complex, 
respectively. The IFT complexes are involved in the molecular transport in cilium.  
Centriolar protein CP110 and its interactor CEP97 localize to the distal region of the mother 
centriole and suppress inappropriate ciliogenesis by blocking axonemal microtubule assembly; therefore, 
removal of the CP110-CEP97 complex from the mother centriole is required for initiating axoneme 
extension and ciliogenesis. A recent study in my laboratory showed that CEP97 is degraded upon serum 
starvation by the ubiquitin-proteasome system. This study identified the CUL3-RBX1-KCTD10 complex 
as the E3 ubiquitin ligase complex required for CEP97 ubiquitination and degradation in quiescent cells. 
However, the mechanism of CEP97 degradation upon serum starvation remains to be solved.  
 In chapter II of this thesis, I analyzed the KCTD10-binding proteins that are involved in CEP97 
ubiquitination during the cilium formation. I show that 14-3-3 proteins interact with KCTD10 and CEP97 
and provide evidence that 14-3-3 proteins are involved in CEP97 ubiquitination and its removal from the 
mother centriole during ciliogenesis. 
 
Results and Discussions 
 
To examine the mechanism regulating KCTD10 activity and CEP97 ubiquitination, I analyzed the 
KCTD10 interactors using mass spectrometry. I identified several isoforms of 14-3-3 proteins as the 
KCTD10 interactors. KCTD10 interacts with various centrosomal proteins, including CEP97, CEP76, 
and B9D1. To examine whether 14-3-3 proteins bind to these KCTD10-interactors, I analyzed their 
interactions by co-immunoprecipitation assays. This analysis showed that CEP97, but neither CEP76 nor 
B9D1, strongly binds to 14-3-3-. Treatments with lambda protein phosphatase suppressed the binding of 
14-3-3 to KCTD10 and CEP97, indicating that 14-3-3 binds to these proteins in a 
phosphorylation-dependent manner. I also showed that the CEP97-KCTD10 interaction is increased by 
the inhibitor of protein phosphatases and blocked by a dominant-negative form of 14-3-3, suggesting that 
14-3-3 proteins serve as a linker to stimulate the interaction between CEP97 and KCTD10, dependent on 
their phosphorylation. The level of the phosphorylated form of CEP97 was increased by the treatment 
with MG-132, an inhibitor of proteasome, in serum-starved cells, suggesting that CEP97 phosphorylation 
is involved in its degradation. I showed that the amount of CEP97 bound to 14-3-3 was increased upon 
serum starvation and that the overexpression of a dominant-negative form of 14-3-3 suppresses CEP97 
ubiquitination, suggesting that CEP97 binding to 14-3-3 is involved in the serum-starvation-induced 
CEP97 ubiquitination and degradation. Furthermore, overexpression of a dominant-negative form of 
14-3-3 suppressed CEP97 removal from the mother centriole and ciliogenesis. Taken together, these 
results suggest that 14-3-3 proteins play crucial roles in CEP97 removal from the mother centriole and 
consequent ciliogenesis by promoting the CEP97-KCTD10 interaction and CEP97 ubiquitination and 
degradation. 
 
 
 
 
 
 
 
 
 
Fig. 2. A proposed model of the role of 14-3-3 in CEP97 ubiquitination and degradation and ciliogenesis 
論文審査結果の要旨 
 
Hippo経路は、細胞の増殖を制御する重要な細胞内シグナル伝達経路であり、転写共役因子
であるYAPをLATS1/2がリン酸化して細胞質に繋留することで細胞増殖を抑制する働きを
もつ。しかし、YAPを細胞内に留める分子機構は未だ不明な点が多い。本論文では、LATS
に類似したNDR1/2キナーゼの制御因子であるFurry蛋白質に注目し、その欠損がYAPの核内
移行を促進することを発見した。また、その作用がLATS1/2ではなくNDR1/2の不活性化を
介することを見出した。さらに、FurryがYAPと結合し、YAPを細胞質に繋留する働きをも
つことを見出した。これらの結果から、Furryは、NDR1/2のキナーゼ活性化を介してYAPの
リン酸化を促進すると共に、YAPと結合することによって、YAPを細胞質に繋留し、YAPの
機能を不活性化していることを明らかにした。この結果は、Furryの細胞増殖制御における
機能を解明した重要な成果である。 
 一次繊毛は、母中心小体から伸長する微小管によって形成される細胞表面の突起構造で
あり、組織の形成や恒常性の維持に重要である。これまで、一次繊毛の形成には、CEP97
蛋白質がKCTD10を介してユビキチン化され、プロテアソームで分解され、母中心小体から
除去される必要があることが示されていたが、その作用機序は不明であった。本論文では、
KCTD10の結合蛋白質として数種類の14-3-3蛋白質を同定し、その中の一つ14-3-3βがリン酸
化依存的にKCTD10とCEP97に結合することを明らかにした。また、不活性型14-3-3βの発現
により、CEP97のユビキチン化と母中心小体からの消失、及び一次繊毛の形成が抑制される
ことを明らかにした。これらの結果から、14-3-3蛋白質はCEP97とKCTD10の複合体形成を
促進し、CEP97のユビキチン化とそれに続くプロテオソーム分解による母中心小体からの除
去を促進することが明らかになった。この結果は、一次繊毛の形成機構とその不全による
繊毛病の原因の解明につながる重要な成果である。 
 審査委員より、本論文は興味深い発見であり、十分な検証に基づき、論理的で明快であ
るとのコメントを受けた。 
 以上のように、本論文は、著者が自立して研究活動を行うに必要な高度の研究能力と学
識を有することを示している。したがって、入江和樹君が提出する論文は、博士（生命科
学）の博士論文として合格と認める。 
 
 
 
